Simian hemorrhagic fever virus (SHFV) was first isolated in 1964 from animals with hemorrhagic disease in macaque colonies in research institutes in the United States and Russia (36, 55) . Additional SHFV epizootics in macaque colonies, including one in Reston, Va., that coincided with an Ebola virus epizootic (19, 24) , have subsequently occurred. SHFV-infected macaques develop early fever, mild facial edema, anorexia, dehydration, proteinuria, cyanosis, skin petechia, bloody diarrhea, nose bleeds, hemorrhages in the skin, and occasional bleeding in the orbits of the eyes. Death occurs within 1 to 2 weeks after SHFV infection, and macaque mortality approaches 100% (32) . In contrast, SHFV-infected patas monkeys do not display any clinical symptoms and can be acutely or persistently infected with SHFV (17, 32) . SHFV infection is widespread among captive African patas monkeys, and viremia has been detected in wild African patas monkeys, African green monkeys, and baboons (17, 32) , suggesting that these primate species may be the natural hosts for SHFV.
SHFV is a positive-strand RNA virus that was recently classified in the family Arteriviridae along with equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), and porcine reproductive and respiratory syndrome virus (PRRSV) within the new order Nidovirales (9) . The arterivirus genome organization and replication strategy are similar to those of the coronaviruses. However, arteriviruses differ from coronaviruses in morphology and size. Arterivirus particles are enveloped, are 25 to 30 nm in diameter, and have no visible spikes on their surface (41) . Coronavirus particles are also enveloped but range in diameter from 80 to 160 nm and have large, petal-shaped spikes that protrude from the virion surface (22) . Coronaviruses have helical nucleocapsids (53, 43) , while the arteriviruses have an isometric capsid (8, 23) . The genome of SHFV is 15.7 kb long and contains a 5Ј type I cap and a 3Ј poly(A) tract (7, 45, 46) . Like coronavirus genomes (25 to 30 kb), the SHFV genome encodes a large, nonstructural polyprotein at its 5Ј end and structural proteins at its 3Ј end (7, 16, 50, 61) . Both coronaviruses and arteriviruses produce a 3Ј-coterminal nested set of mRNAs during their replication cycle (22, 40) . All coronavirus and arterivirus subgenomic mRNAs contain a 5Ј leader sequence that is identical to the one at the 5Ј end of the genome (22, 40, 61) . The coronavirus leader sequence is on average about 70 nucleotides (nt) long and represents only the 5Ј portion of the 5Ј noncoding region (NCR) that extends 139 to 500 nt beyond the leader sequence (22, 51) . In contrast, the arterivirus leader sequence consists of the entire 5Ј NCR and for SHFV is 209 nt in length (11, 33, 61) . In coronavirus genomes, most of the adjacent 3Ј open reading frames (ORFs) are separated by NCRs that contain a short conserved intergenic sequence. In arterivirus genomes, most of the 3Ј ORFs overlap the adjacent ORFs, so that transcription begins at a conserved hexanucleotide junction sequence within the next upstream ORF. For coronaviruses, it has been hypothesized that both the 5Ј leader sequence and the intergenic sequences of the 3Ј ORFs play a role in the synthesis of the coronavirus subgenomic mRNAs (22, 27) .
Although the molecular mechanisms involved in arterivirus RNA synthesis are currently uncharacterized, the replication strategies of arteriviruses and coronaviruses have been predicted to be similar (40) . Several models have been proposed for the transcription of coronavirus subgenomic mRNAs. According to one model, the 5Ј leader RNA is transcribed from the 3Ј end of the negative-strand RNA and is then joined to the body of the subgenomic mRNA via a discontinuous transcription process (22, 29) . Alternatively, the initial coronavirus subgenomic RNAs synthesized may be negative strands (47) . According to this model, negative-strand transcription would terminate prematurely at the intergenic sequence of one of the subgenomic ORFs on the genomic RNA and then reinitiate at the 5Ј leader sequence. Subgenomic minus-sense RNAs would then be used as templates to generate positive-strand subgenomic RNAs (47) . In the first model, the 3Ј NCR of the negative-strand RNA, which is complementary to the 5Ј leader sequence, would be involved in the initiation of subgenomic positive-strand RNA; in the second model, it would be required for the completion of the subgenomic negative-strand RNA synthesis (28, 57) .
Evidence supporting the involvement of host proteins in the replication of a number of RNA viruses has been reported previously. The RNAs of Q␤ phage, Sindbis virus, brome mosaic virus, influenza virus, and cucumber mosaic virus are synthesized by replication complexes that contain both cellular and viral proteins (3, 20, 30, 35, 42) . Poliovirus preinitiation RNA replication complexes produced in vitro were shown to require soluble cellular factors for the synthesis of VpG-linked progeny RNA (2) . Cellular proteins have been reported to bind to a region of the 3Ј(ϩ)NCR of potato virus X that was also shown to be required in cis for viral replication (52) . Cellular proteins have also been reported to bind specifically to the ORF 6/ORF 7 intergenic region of the mouse hepatitis virus (MHV) negative strand and to the 3Ј ends of the MHV positive and negative strands (14, 59, 60, 63) . Zhang and Lai (62) hypothesized that the cellular proteins that bind to the 3Ј end of the MHV negative-strand RNA might be involved in the initiation of both full-length and subgenomic mRNA synthesis and further that protein-protein interactions between the proteins binding to the 3Ј end and those binding to the individual intergenic regions on the negative-strand RNA template are necessary for discontinuous transcription of subgenomic positive-strand RNAs.
We report here the detection of four cellular proteins in MA104 cells that bind specifically to the 3Ј end of SHFV negative-strand RNA. The minimal binding region for each of these four cellular proteins was mapped to the 68-nt sequence located between nt 117 and 184 from the 3Ј end of the SHFV negative-strand RNA. These same four MA104 cellular proteins were also shown to bind to the 3Ј(Ϫ) RNAs of the murine arterivirus LDV and the equine arterivirus EAV.
MATERIALS AND METHODS
Cells and virus. MA104 cells, originally isolated from embryonic rhesus monkey kidney cells (56) , were obtained from O. Nainin, Centers for Disease Control and Prevention, and cultured in Dulbecco's minimal essential medium supplemented with 10% fetal bovine serum at 37°C in a CO 2 atmosphere (61). For preparation of infected cell extracts, confluent MA104 monolayers were infected with SHFV strain LVR 42-0/M6941 (American Type Culture Collection). Virus stock pools were prepared in MA104 cells and contained titers of about 10 8 PFU/ml.
Preparation of mock-and SHFV-infected cytoplasmic extracts. Cytoplasmic extracts from both uninfected and virus-infected cells were prepared as previously described, with some minor modifications (4) . Briefly, cells were grown to confluency in T-150 tissue culture flasks. Virus-infected cytoplasmic extracts were prepared from MA104 cells that had been inoculated with SHFV at a multiplicity of infection of 0.5 and then incubated at 37°C for 6 to 6.5 h (61). SHFV-infected, uninfected, or mock-infected MA104 monolayers were washed twice with cold phosphate-buffered saline, and then the cells were harvested by scraping and centrifuged at 150 ϫ g for 5 min. Cell pellets were resuspended in cytolysis buffer (10 mM HEPES [pH 7.9], 5 mM dithiothreitol [DTT]), 10 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride, leupeptin [10 g/ml; Sigma], 1% Triton X-100, 20% glycerol) at 2 ϫ 10 7 cells per ml, vortexed for 10 s, and kept on ice for 15 min. The cell lysate was centrifuged at 2,000 ϫ g for 5 min to remove the nuclei, and the supernatant was then centrifuged at 100,000 ϫ g for 1 h. The resulting supernatant (S100) was aliquoted and stored at Ϫ70°C. Stored cell extracts were stable for 1 month. The total protein concentration of each extract was determined by the bicinchoninic acid assay (Pierce).
Primers and cDNA constructs. A clone which contains the entire SHFV genomic 5Ј NCR (209 nt in length) was constructed as follows. The 5Ј NCR of the SHFV genome RNA was previously sequenced by our laboratory and used to design primers for amplification of this region from viral RNA (61) . SHFV RNA was prepared by using Catrimox-14 surfactant (Iowa Biotechnology Corp.). cDNA was synthesized from viral RNA by reverse transcription using primer 2 (Table 1) and was amplified by PCR using Taq DNA-dependent DNA polymerase (Boehringer Mannheim Biochemicals) and primers 1 and 2 ( Table 1 ). The PCR product obtained was cloned into plasmid pCR 2.1 (Invitrogen) via the TA cloning method, and the DNA of a selected clone was then used as the template to produce PCR-amplified templates of different sizes for in vitro synthesis of various SHFV 3Ј(Ϫ) RNAs. The PCR primer pairs used to synthesize the DNA template and the corresponding RNA products of in vitro transcription by T7 DNA-dependent-RNA polymerase are shown in Table 1 and Fig. 1 , respectively.
The LDV-C 3Ј(Ϫ)58-136 RNA was generated from a PCR product produced with a genomic sense primer (5Ј-GGGACAGTGGCCCGCAACTTGAG-3Ј) and an antigenomic sense primer (5Ј-T7pro [T7 RNA polymerase promoter]-GATGCTCACCCGGAAATGTTAG-3Ј), using a library clone as the template (16) . The template for the EAV 3Ј(Ϫ)NCR RNA was synthesized by PCR with a genomic sense primer (5Ј-GCTCGAAGTGTGTATGGTGCCATATACGG CTCACCACCATATACA-3Ј) and an antigenomic sense primer (5Ј-T7pro-G GGTCGCAAGGGTA-3Ј), using pM0018Nco DNA as the template. This plasmid was a gift from Eric J. Snijder, Department of Virology, Leiden University Medical Center, Leiden, The Netherlands. The PCR product was then used as template to transcribe RNA in vitro with T7 RNA polymerase. All antigenomic sense primers contained the T7 RNA polymerase promoter. The nucleotides of the arterivirus 3Ј(Ϫ) RNAs were numbered starting from the 3Ј end (Fig. 1) .
In vitro synthesis of RNA transcripts. In vitro RNA transcription reaction mixtures contained 40 mM Tris-HCl (pH 7.9), 6 mM MgCl 2 , 10 mM NaCl, 2 mM spermidine, 10 mM DTT, 0. 32 P]GTP (3,000 Ci/mmol; Dupont NEN). In these reactions, RNase inhibitor was omitted. Transcription reactions were incubated at 37°C for 1 h and were then treated with RNase-free DNase (10 U; Boehringer Mannheim Biochemicals) for 20 min at 37°C. The synthesized RNA was ethanol precipitated, resuspended in 10 l of loading buffer (7 M urea, 1ϫ Tris-borate-EDTA buffer, 0.025% bromophenol blue), and electrophoresed on a 6% polyacrylamide-urea sequencing gel (10) . The gel was autoradiographed, and the RNA was eluted from excised gel slices by overnight incubation at 55°C in elution buffer (2.5 M ammonium acetate, -0.5% sodium dodecyl sulfate [SDS], 1 mM EDTA). The eluted RNA was filtered through a 0.45-m-pore-size cellulose filter unit (Coster Co.) to remove gel pieces, precipitated with ethanol, and stored in 5ϫ binding buffer (70 mM HEPES [pH 7.5], 30 mM Tris-HCl [pH 7.5], 300 mM KCl, 5 mM EDTA, 25% glycerol, 5 mM DTT) at Ϫ70°C.
32 P-labeled SHFV 3Ј(Ϫ)209 RNA probe produced by in vitro transcription generally had a specific activity of approximately 10 7 cpm per ng. The concentration of the probe was determined as described previously (5) .
Unlabeled competitor RNAs [SHFV 3Ј(Ϫ) RNA, LDV-C 3Ј(Ϫ) RNA, and various SHFV 3Ј(Ϫ) truncated RNAs ( Fig. 1) ] were synthesized in 50-l transcription reactions from PCR templates. The reaction conditions were as described above except that no 32 P-rNTP was added, and the concentration of all four rNTPs was 0.5 mM. After transcription, the competitor RNAs were ethanol precipitated, pelleted, and resuspended in 50 l of RNase-free H 2 O. The concentration of each competitor RNA was measured spectrophotometrically. Nonspecific competitors included a 130-nt RNA (designated plasmid RNA) synthesized from pCR 2.1 DNA, that had been digested with BamHI, using T7 RNA polymerase as described above; yeast tRNA (Life Technologies); and poly(I)-poly(C) (Sigma).
Gel mobility shift assay. RNA-protein binding reactions were performed in a volume of 10 l as described previously (4), with some modifications. Briefly, S100 cytoplasmic extracts containing 1 g of total protein, 10 4 cpm of one of the 32 P-labeled SHFV 3Ј(Ϫ) RNA probes (approximately 0.5 ng), and 1 g of poly(I)-poly(C) or 100 to 300 ng of yeast tRNA were incubated at room temperature for 30 min in binding buffer (14 mM HEPES [pH 7.5], 6 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM DTT, 60 mM KCl).
32 P-labeled RNA probes were denatured in 1ϫ binding buffer containing 1 U of RNasin for 10 min at 75°C and renatured for 10 min at 37°C prior to use in assays. Poly(I)-poly(C) or yeast tRNA was added to the reaction to reduce nonspecific binding. For competition assays, various amounts of an unlabeled RNA and a fixed amount of the S100 cytoplasmic extract were incubated at room temperature for 15 min prior to addition of the 32 P-labeled SHFV 3Ј(Ϫ) RNA probe. For supershift gel mobility shift assays, S100 cytoplasmic extracts were incubated with 32 P-labeled SHFV 3Ј(Ϫ)209 RNA in a binding reaction mixture as described above for 15 min at room temperature, then an antibody was added, and the reaction mixtures were incubated for another 15 min at room temperature. Anti-hnRNP-A1 antibody, diluted 1:500 or 1:250, or anti-pyrimidine tract binding protein (PTB) antibody, diluted 1:150 or 1:100 (gifts from Gideon Dreyfuss, Howard Hughes Medical Institute, University of Pennsylvania, Philadelphia), or anti-La monoclonal antibody (provided by Jack D. Keene, Duke University Medical Center, Durham, N.C.), diluted 1:150 or 1:100, was added. Two microliters of 5ϫ loading buffer containing 50% glycerol, 0.05% bromophenol blue, and 0.05% xylene cyanol was then added to the reaction mixtures, and the RNA-protein complexes were subjected to polyacrylamide gel electrophoresis (PAGE) on a 5% nondenaturing polyacrylamide gel (acrylamide/bisacrylamide ratio, 50:1), using a 0.5ϫ Trisborate-EDTA buffer (45 mM Tris base, 45 mM H 3 BO 3 , 1 mM EDTA) at room temperature. The polyacrylamide gels were prerun at 150 V for 30 min. After electrophoresis, the gels were dried and autoradiographed. RNA-protein complexes and unbound RNA probe were quantitated with a densitometer (Molecular Dynamics) in some experiments.
UV-induced cross-linking assays. A sample of an S100 cytoplasmic extract, containing approximately 5 g of total protein, was incubated with one of the 32 P-labeled RNA probes (3 ϫ 10 4 cpm) and 1 g of poly(I)-poly(C) in binding buffer (total reaction volume was 30 l) at room temperature for 30 min. The binding reaction mixtures were then irradiated for 30 min on ice with UV light at a wavelength of 254 nm (GS GENE linker; Bio-Rad), which corresponds to a dose of 125 mJ/s. For competition UV-induced cross-linking assays, an unlabeled competitor RNA was added to the cell extract in binding buffer and incubated for 15 min at room temperature prior to addition of the 32 P-labeled RNA probe. After irradiation, RNase A (20 g) (Boehringer Mannheim Biochemicals) was added and the mixture was incubated for 30 min at 37°C to digest unprotected RNA. Four reaction volumes of 50% (vol/vol) methanol-acetone was then added to each reaction mixture, and the proteins were precipitated for 30 min at Ϫ70°C. The cross-linked products were pelleted by microcentrifugation (14,000 rpm) for 30 min at room temperature, washed once with 70% ethanol, resuspended in 15 l of Laemmli sample buffer (27) , boiled for 2 min, and separated by SDS-PAGE (10% polyacrylamide gel). Gels were dried and autoradiographed to visualize the bands.
Immunoprecipitation of UV-induced cross-linked proteins. Proteins in S100 cytoplasmic extracts were cross-linked to 32 P-labeled SHFV 3Ј(Ϫ)209 RNA, and the RNA-protein complexes were immunoprecipitated. Briefly, an S100 cytoplasmic extract (approximately 5 g) from MA104 cells was incubated with 32 P-labeled SHFV 3Ј(Ϫ)209 RNA, and the reaction mixtures were subjected to UV-induced cross-linking as described above. The cross-linked proteins were then incubated with Sepharose A CL-4B beads (Pharmacia) and anti-hnRNP-A1 or anti-PTB antibody for 2 h at 4°C. The concentration of each antibody used was that suggested by the supplier (2 l of anti-hnRNP-A1 or 5 l of anti-PTB antibody in a final volume of 30 l). The antibody-Sepharose complex was washed twice with dilution buffer (0.1% Triton X-100-0.5% dry milk in TSA buffer), once with TSA solution (0.01 M Tris-Cl [pH 8.0], 0.14 M NaCl, 0.025% NaN 3 ), and once with 0.05 M Tris-Cl (pH 6.8). After each wash, the complex was pelleted by microcentrifugation for 30 s at 14,000 rpm. The immunoprecipitates were analyzed by SDS-PAGE (10% polyacrylamide gel) and visualized by autoradiography.
Northwestern blotting analysis of RNA-binding proteins. Northwestern blotting assays were performed as described previously (4) .
RNA secondary structure prediction. RNA secondary structures were predicted by the method of Zucker, using the MFold program (version 3.0) (64) contained in version 9.0 of the University of Wisconsin Genetics Computer Group (GCG) sequence analysis software package (12) .
Preparation of figures. The figures that contain autoradiographic data were prepared by using Adobe Photoshop (version 4.0) software. Data were scanned from X-ray films with an ArcusII Agfa scanner and imported into Persuasion (version 3.0) on a Power Macintosh 8600/200.
RESULTS
Detection of proteins that bind to the 3 end of the SHFV negative-strand RNA. Gel mobility shift assays were used to determine whether any proteins in MA104 S100 extracts bound to the 3Ј end of the SHFV negative-strand RNA. The SHFV 3Ј(Ϫ)209 RNA probe used in these initial experiments was 209 nt long and comprised the entire 3Ј NCR of the SHFV negative-strand RNA (61) . This probe was synthesized in vitro by using T7 RNA polymerase as described in Materials and Methods (Fig. 1) . Cytoplasmic S100 extracts prepared from mock-infected and SHFV-infected MA104 cells were incubated separately with the SHFV 3Ј(Ϫ)209 RNA probe, and then the RNA-protein complexes were electrophoresed on 5% nondenaturing polyacrylamide gels and visualized by autoradiography. Two RNA-protein complexes were detected in both mock-and SHFV-infected cell extracts (Fig. 2) . Approximately 2 g of total cell protein in mock-or SHFV-infected S100 extract was required to detect the RNA-protein complexes ( Fig. 2A and B, lanes 7) . The complexes formed between the SHFV 3Ј(Ϫ)209 RNA probe and proteins in cytoplasmic extracts from mock-infected and SHFV-infected cells had identical electrophoretic mobilities (Fig. 2) , suggesting that the two RNA-protein complexes detected with the SHFV 3Ј(Ϫ)209 RNA probe contain only cellular proteins. Therefore, uninfected cellular extracts were used in most of the following experiments. The SHFV 3Ј(Ϫ)209 RNA-protein complex 2 band detected in gel mobility shift assays (Fig. 2) was always diffuse. Titration of either the MA104 S100 extracts or the SHFV 3Ј(Ϫ)209 RNA did not improve the sharpness of this complex band. Increasing the polyacrylamide concentration of the nondenaturing gels used to resolve the complexes also did not improve the sharpness of the complex 2 band. In previous studies with RNA-protein complexes formed between the West Nile virus (WNV) 3Ј(ϩ) RNA and proteins in BHK S100 extracts, we observed that removal of the nonionic detergent utilized for cell lysis from the cell extract prior to its use in gel mobility shift assays resulted in sharper RNA-protein complex bands (4) . When MA104 S100 extracts were subjected to buffer exchange with a Centricon-30 (Amicon) to remove detergent prior to use in assays, only one RNA-protein complex was observed in gel mobility shift assays (data not shown). If cytoplasmic extracts were prepared by using hypotonic buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride) to swell the cells and a Dounce homogenizer to break the plasma membrane (1), again only one RNA-protein complex was detected in gel mobility shift assays (data not shown). These data suggest that one or more of the cellular proteins that bound to the SHFV 3Ј(Ϫ)209 RNA are membrane-associated proteins and that they require the presence of nonionic detergent for solubility.
To assess the specificity of the interactions between the cellular proteins and the SHFV 3Ј(Ϫ)209 RNA, competition gel mobility shift assays were done with unlabeled SHFV 3Ј(Ϫ)209 RNA as the specific competitor and three different nonspecific competitor RNAs. The addition of increasing amounts of unlabeled SHFV 3Ј(Ϫ)209 RNA caused complete inhibition of the formation of detectable complexes (Fig. 3A,  lanes 3 to 9) . However, no inhibition of RNA-protein complex (30, 60, 125 , 250, 500, 1,000, and 1,500 ng, respectively) of unlabeled specific competitor RNA. (B) Competition with nonspecific competitor RNAs. Lane 1, free probe; lane 2, no competitor; lanes 3 to 6, addition of increasing amounts (1,000, 2,000, 3,000, and 4,000 ng, respectively) of unlabeled poly(I)-poly(C); lanes 7 to 10, addition of increasing amounts (200, 300, 500, and 1,000 ng, respectively) of unlabeled yeast tRNA; lanes 11 to 14, addition of increasing amounts (460, 920, 1,840, and 3,600 ng, respectively) of unlabeled plasmid RNA. FP, free SHFV 3Ј(Ϫ)209 RNA probe.
formation was detected after addition of much higher amounts of yeast tRNA, poly(I)-poly(C) or plasmid RNA (Fig. 3B, lanes  3 to 14) . These results indicate that the interactions between cellular proteins present in the MA104 cytoplasmic extracts and the SHFV 3Ј(Ϫ)209 RNA are specific.
Determination of the molecular masses of the SHFV 3(؊) 209 RNA binding proteins. The molecular masses of the MA104 proteins that bind to the SHFV 3Ј(Ϫ)209 RNA were estimated by using UV-induced cross-linking and Northwestern blotting assays. In some experiments, the cross-linked proteins were concentrated by precipitation with four volumes of 50% (vol/ vol) methanol-acetone before separation by SDS-PAGE (10% polyacrylamide gel). (Fig. 4B) . Also, some variation in the intensity of the p55 band was observed with different preparations of S100 cell extract.
The proteins that bound to the SHFV 3Ј(Ϫ)209 RNA probe in UV-induced cross-linking assays in uninfected and SHFVinfected extracts were compared. Four cellular proteins with identical molecular masses were detected in mock-infected and SHFV-infected MA104 S100 extracts (data not shown). These data provide additional evidence that the proteins involved in the formation of the two RNA-protein complexes are cellular and not viral proteins.
A Northwestern blotting assay was also used to detect proteins in the MA104 cell extracts that bound to the SHFV 3Ј ( The SHFV 3Ј(Ϫ) RNA and the MHV 3Ј(Ϫ) RNA bind proteins of similar sizes, 36 and 35/38 kDa, respectively. The 35/38-kDa protein has recently been reported to be hnRNP-A1 (31) . To determine whether the hnRNP-A1 protein also bound to SHFV 3Ј(Ϫ) RNA, anti-hnRNP-A1 antibody was added to the gel mobility shift reaction mixtures. The two RNA-protein complexes formed between the SHFV 3Ј(Ϫ)209 RNA and proteins in an MA104 S100 cytoplasmic extract migrated to the same positions in gels in the presence and absence of the anti-hnRNP-A1 antibody (data not shown). Also, neither an anti-La monoclonal antibody nor an anti-PTB antibody caused a change in the migration of the gel shift bands when added at a dilution of 1:150 or 1:100 (data not shown). In a previous study, we demonstrated the ability of an anti-elongation factor 1␣ (EF-1␣) antibody to supershift a complex composed of purified EF-1␣ and a flavivirus 3Ј genomic RNA (5). The complexity of the S100 extracts used in these experi- FIG. 4 . Detection of proteins in MA104 S100 extracts that bind to the SHFV 3Ј(Ϫ)209 RNA. Proteins were detected by UV-induced cross-linking assays. 32 P-labeled SHFV 3Ј(Ϫ)209 RNA (3 ϫ 10 4 cpm) was incubated with an uninfected MA104 S100 extract (5 g of total protein), and the RNA-protein complexes formed were irradiated with UV light for 30 min. The samples were digested with RNase A (20 g/l) and either directly analyzed by SDS-PAGE (10% gel) (A) or precipitated with 50% (vol/vol) methanol-acetone before analysis by SDS-PAGE (10% gel) (B). (C) Analysis of SHFV 3Ј(Ϫ)209 RNA binding proteins by a Northwestern blotting assay. Proteins in MA104 S100 extracts (30 g) were separated by SDS-PAGE (10% gel), transferred to a nitrocellulose membrane, denatured, renatured, and incubated with 32 ments may make it difficult to detect specific antibody-protein interactions in supershift assays. Therefore, immunoprecipitation of cellular proteins that had been cross-linked to 32 P-labeled SHFV 3Ј(Ϫ)209 RNA was done with the antihnRNP-A1 or anti-PTB antibody. No cellular proteins were precipitated by the anti-hnRNP-A1 antibody (Fig. 5, lane 3) , suggesting that the SHFV 3Ј(Ϫ) RNA does not interact with hnRNP-A1. However, a faint 55-kDa band was precipitated by the anti-PTB antibody (Fig. 5, lane 4) . Further experiments are necessary to confirm that p55 is PTB. Localization of the protein binding sites within the 3 NCR of SHFV negative-strand RNA. To localize the protein binding sites on the SHFV 3Ј(Ϫ)209 RNA, various truncated SHFV 3Ј(Ϫ)NCR RNA probes were synthesized (Fig. 1) . When the SHFV 3Ј(Ϫ)5-184 RNA was used in gel mobility shift and UV-induced cross-linking assays as a probe, the same RNAprotein complexes (data not shown) and cellular proteins were detected as with the SHFV 3Ј(Ϫ)209 RNA (Fig. 6) , indicating that neither the negative-sense junction sequence located at the 5Ј end of the 3Ј(Ϫ)NCR nor the first 5 3Ј nt are needed for cell protein binding. SHFV 3Ј(Ϫ)5-184 RNA, SHFV 3Ј(Ϫ)5-136 RNA, and SHFV 3Ј(Ϫ)45-184 RNA (Fig. 1) were then used as unlabeled-competitor RNAs in competition gel mobility shift assays. These assays were performed as for Secondary structures formed by the SHFV 3Ј(Ϫ)209 RNA (Fig. 4D ) and various fragments of this RNA (Fig. 6A) were predicted by using the MFold program. Six stem-loop structures were predicted for the SHFV 3Ј(Ϫ)209 RNA (Fig. 4D) . The SHFV 3Ј(Ϫ)5-184 RNA contained five of the predicted stem-loops (Fig. 6A, a) . Stem loops 4 and 5 (SL4 and SL5) were predicted to form in SHFV 3Ј(Ϫ)117-209 RNA and SHFV 3Ј(Ϫ)117-184 RNA (Fig. 6A, c and d) , and both of these RNAs bound to all four of the cellular proteins (Fig. 6B, c and  d) . In contrast, only SL5 and SL6 were predicted to form in the SHFV 3Ј(Ϫ)137-202 RNA (Fig. 6A, b ). An alternative stemloop was formed in the SHFV 3Ј(Ϫ)137-202 RNA with nucleotides normally located on the 5Ј side of SL4 (Fig. 6A, b) . The SHFV 3Ј(Ϫ)117-174 RNA formed SL4 but contained only 3 nt of SL5 (Fig. 6A, e) . These data imply that both SL4 and SL5 are required for the binding of p36 and that SL4 is required for p55 binding. The autoradiograms of UV-induced cross-linking assays done with SHFV 3Ј(Ϫ)117-184 RNA or SHFV 3Ј(Ϫ)117-174 RNA (Fig. 6B, d and e) required longer exposure times than the assays done with the longer fragments of the SHFV 3Ј(Ϫ)NCR RNAs, suggesting that flanking sequences may enhance the binding of cellular proteins to the SHFV 3Ј(Ϫ) RNA.
Conservation of the cellular protein binding sites in the 3(؊) RNA of other arteriviruses. To test whether the MA104 cellular proteins that bind to SHFV 3Ј(Ϫ) RNA could also bind to the 3Ј(Ϫ) RNAs of other members of the arterivirus family, the 3Ј(Ϫ) RNA of LDV-C was used as an unlabeled competitor in competition gel mobility shift assays in which 32 P-labeled SHFV 3Ј(Ϫ)209 RNA was the probe. The template for the LDV-C 3Ј(Ϫ)NCR RNA was synthesized by PCR from a library clone (15) and contained the 5Ј 166 nt of the 3Ј(Ϫ)NCR of LDV-C. The 3Ј(Ϫ)NCR sequences of the other three arterviruses range from 209 to 224 nt in length, suggesting that the LDV 3Ј(Ϫ)NCR sequence contains a deletion or, alternatively, that the complete sequence of this region has not been obtained. The formation of SHFV 3Ј(Ϫ)209 RNA-cell protein complexes was completely inhibited by 600 ng of unlabeled LDV-C 3Ј(Ϫ)NCR RNA (Fig. 7B, lane 10) . In comparison, 75 ng of unlabeled SHFV 3Ј(Ϫ)209 RNA (Fig.  7B, lane 3) was sufficient for complete inhibition of RNAprotein complex formation. These data suggest that LDV-C 3Ј(Ϫ)NCR RNA interacts with the same MA104 proteins as the SHFV 3Ј(Ϫ)209 RNA, but that the SHFV RNA binds to these proteins with a higher affinity.
To estimate the sizes of the cell proteins that bind to the LDV-C 3Ј(Ϫ)NCR RNA, UV-induced cross-linking assays were also performed with MA104 S100 extracts and 32 P-labeled LDV-C 3Ј(Ϫ)NCR RNA as the probe (Fig. 7C) . Four MA104 proteins with molecular masses of 103, 86, 55, and 36 kDa were detected by the LDV-C 3Ј(Ϫ)NCR RNA probe. The molecular masses of these proteins were identical to those of the four proteins detected by the SHFV 3Ј(Ϫ)209 RNA. An additional protein with a molecular mass of 108 kDa was consistently detected with the 32 P-labeled LDV-C 3Ј(Ϫ)NCR RNA probe (Fig. 7C) .
Five stem-loop structures were predicted for the LDV-C 3Ј(Ϫ)NCR RNA by using the MFold program (Fig. 7A) . The LDV-C SL4 appeared similar to the SL4 of the SHFV 3Ј(Ϫ)209 RNA ( Fig. 4D and 7A) . A truncated LDV-C 3Ј(Ϫ) RNA, LDV-C 3Ј(Ϫ)58-136 RNA, which contained the region around SL4, was folded separately (Fig. 7D) . Because part of the 3Ј sequence was not present in this RNA, the bottom portion of the stem of SL4 was predicted to pair differently than in the longer LDV-C 3Ј(Ϫ)NCR RNA. However, the top of the stem and the loop sequence of SL4 were predicted to be the same as in the longer LDV-C 3Ј(Ϫ)NCR RNA. When the LDV-C 3Ј(Ϫ)58-136 RNA was used as a probe in UV-induced cross-linking assays, it bound to four proteins with molecular masses of 103, 86, 55, and 36 kDa (Fig. 7E) . The LDV-C 3Ј(Ϫ)58-136 RNA did not bind to a 108-kDa protein and bound less efficiently to the 36-kDa protein than did the LDV-C 3Ј(Ϫ)NCR RNA ( Fig. 7C and E) .
The EAV 3Ј(Ϫ)NCR RNA was also used as a probe in UV-induced cross-linking assays. Five MA104 cellular proteins were detected with the EAV 3Ј(Ϫ)NCR RNA in UV-induced cross-linking assays (Fig. 8B) . In addition to four proteins with molecular masses identical to those detected with both the SHFV and LDV-C 3Ј(Ϫ)NCR RNAs, a 30-kDa protein was detected with the EAV 3Ј(Ϫ)NCR RNA (Fig. 8B) . Secondary structure analysis of the EAV 3Ј(Ϫ)NCR RNA by using the MFold program predicted six stem-loop structures (Fig. 8A) . SL4 in both the SHFV and LDV-C 3Ј(Ϫ)NCR RNAs was located approximately 50 nt from the 5Ј end of the 3Ј(Ϫ)NCR. The stem of the predicted EAV SL4 was much shorter than that of the SHFV or LDV SL4. The EAV SL5, located approximately 32 nt from the 5Ј end of the EAV 3Ј(Ϫ)NCR, had a longer stem and larger loop than the SHFV SL4 (Fig. 4D , 7A, and 8A). A conserved sequence, 3Ј-AGGA-5Ј, was found just 5Ј of SL4 in both the LDV-C and SHFV 3Ј(Ϫ)NCR RNAs. This sequence was also present in the EAV 3Ј(Ϫ)NCR RNA in the loop of SL5 and was used to select an EAV RNA fragment. The secondary structures predicted for this fragment more closely resembled those of SL4 and SL5 predicted for the SHFV and LDV-C 3Ј(Ϫ)NCR RNAs (Fig. 8C) . The MFold program has previously been shown to have limitations in folding natural RNAs (26) . In addition, putative tertiary interactions, which cannot be predicted by the MFold program, were identified by inspection in the demonstrated protein binding regions of the SHFV and LDV-C 3Ј(Ϫ)NCR RNAs and in the predicted binding regions of the EAV 3Ј(Ϫ)NCR RNA. Such tertiary interactions could stabilize weak secondary structures. Preliminary data from RNA structure probing experiments confirmed the existence of SL4 and SL5 and suggest that the loops of these two hairpins can base pair to form a tertiary interaction (23a) . Base pairing between loop bases of the two hairpins located in the binding regions could occur in all three types of RNAs. Also, in the LDV-C 3Ј(Ϫ)NCR RNA, alternate tertiary interactions could occur between nucleotides in the loop of SL4 and nucleotides located between the two hairpins. The conservation of putative tertiary interactions in the protein binding region of each of the three arterivirus 3Ј(Ϫ)NCR RNAs suggests that these interactions are functionally important.
Although UV-induced cross-linking assays are not quantitative, the intensities of some of the protein bands detected with the EAV 3Ј(Ϫ)NCR RNA were consistently different from those detected with SHFV and LDV-C 3Ј(Ϫ)NCR RNA probes. The binding of p55 to the EAV 3Ј(Ϫ)NCR RNA appeared stronger and the binding of the p36 protein to the EAV 3Ј(Ϫ)NCR RNA was weaker compared to the SHFV and LDV-C RNAs. These data indicate that the binding sites for 
DISCUSSION
This is the first report of arterivirus RNA-cell protein interactions. MA104 cytoplasmic proteins were shown to bind specifically to the 3Ј NCR RNA of the arterivirus SHFV. UVinduced cross-linking and Northwestern blotting analyses showed that the molecular masses of the four SHFV 3Ј(Ϫ)209 RNA-binding cell proteins are approximately 103, 86, 55, and 36 kDa (Fig. 4) . Four cell proteins with the same molecular masses were subsequently shown to bind to the 3Ј(Ϫ)NCR RNAs of two additional arteriviruses, LDV-C and EAV ( Fig.  7 and 8) . Under natural conditions, the host range of each of the four known arteriviruses is restricted. LDV infects mice (6), SHFV infects monkeys (17) , EAV infects horses (13) , and PRRSV infects pigs (21) . The primary target cells for each of these viruses are monocytes/macrophages. It is generally accepted that the receptor on a target cell for a virus is the major determining factor for tissue and host tropism. However, it is possible that host proteins that interact with viral RNAs during replication can also restrict the virus host or tissue range. Gutierrez-Escolano et al. (18) reported that a 97-kDa protein that binds to the 5Ј untranslated region of poliovirus RNA is present in permissive neuronal cells but not in cells from nonpermissive tissues. The evidence presented here indicates that the same four MA104 proteins bind to the SHFV, LDV-C, and EAV 3Ј(Ϫ)NCR RNAs, which suggests that each of these viral RNAs binds to cell protein domains that are conserved among divergent host species. However, the EAV and LDV-C 3Ј(Ϫ)NCR RNAs each bound to an additional protein, suggesting that there may be some differences between these divergent viruses.
Secondary structures and/or tertiary structures have previously been shown to be present in or near regions of viral RNA that bind to proteins (4, 32a, 34, 38, 44, 48) . The minimum binding region (the 68-nt sequence) for the four MA104 cellular proteins in the SHFV 3Ј(Ϫ)209 RNA was predicted to form two stem-loop structures, SL4 and SL5 (Fig. 6A, d) . Preliminary RNA structure probing data suggest that these two secondary structures are present in the SHFV 3Ј(Ϫ)117-184 RNA and that the loop bases of the two hairpins interact (23a). A "kissing" interaction between two hairpin loops in the 3Ј NCR of coxsackie B3 virus was recently shown to be an essential structural feature for the initiation of negative-strand RNA synthesis (32a).
The observed when the 3Ј half of SL4 was deleted [SHFV 3Ј(Ϫ)137-202 RNA] locates the major binding site for p55 in SL4. The residual p55 binding observed with the SHFV 3Ј(Ϫ)137-202 RNA suggests either that the p55 protein may be able to bind to a second low-binding-activity site located between nt 137 and 171 or that the binding of p55 is sequence specific but enhanced by the presence of SL4.
Binding to the 36-kDa protein was completely lost when either the 3Ј [SHFV 3Ј(Ϫ)137-202 RNA] or the 5Ј [SHFV 3Ј(Ϫ)117-174 RNA] side of the 68-nt sequence was deleted, suggesting that the binding of this protein is dependent on the presence of an RNA tertiary structure that cannot form in either of these truncated RNAs. Comparison of the SHFV and LDV 3Ј(Ϫ)NCR RNAs indicated conservation of the SL4 structure. A structure similar to SL4 may also be conserved in the EAV 3Ј(Ϫ)NCR RNA (Fig. 8C) . The finding that the LDV sequence [LDV-C 3Ј(Ϫ)58-136 RNA] selected on the basis of this structure comparison did contain the binding sites for the cell proteins supports the validity of the structure prediction. There are some short regions of sequence conservation in the minimal binding regions of the SHFV and LDV-C 3Ј(Ϫ)NCR RNAs, such as the 3Ј-AGGA-5Ј located between nt 155 and 158 in the SHFV 3Ј(Ϫ)NCR RNA. This sequence is also in SL5 of EAV. Also, tertiary interactions between the loop nucleotides of SL4 and sequences 5Ј of SL4 are also possible in the SHFV, LDV-C, and EAV protein binding sequences.
The arteriviruses differ from the related coronaviruses in the number of cellular proteins that bind to their 3Ј(Ϫ)NCR RNAs. Previous studies with a coronavirus showed that only a 35/38-kDa protein in murine (DBT) as well as monkey (COS) and human (HeLa) cytoplasmic extracts bound to the 3Ј(Ϫ) antileader sequence of MHV (14) . The 35/38-kDa protein has recently been identified as hnRNP-A1 (31). It is unlikely that the same protein is present in the 36-kDa band detected by the SHFV 3Ј(Ϫ) RNA in monkey (MA104) cell extracts and in the 35/38-kDa band detected by the MHV 3Ј(Ϫ) RNA in mouse (DBT) cell extracts. Anti-hnRNP-A1 antibody neither supershifted the SHFV RNA-cell protein complexes in gel mobility shift assays nor immunoprecipitated any of the proteins crosslinked to the SHFV 3Ј(Ϫ)209 RNA in MA104 S100 extracts. The 35/38-kDa protein as well as two additional cell proteins (70 and 48 kDa) were reported to bind to the MHV negativestrand region located between genes 6 and 7 (63) . Studies are under way to determine whether any MA104 cell proteins bind to the RNA regions preceding the 3Ј ORFs in the SHFV negative-strand RNA.
The minimum binding region for the four MA104 cellular proteins was mapped to a 68-nt sequence (nt 117 and 184) within the SHFV 3Ј(Ϫ)209 RNA. This sequence does not contain the ORF1 negative-strand junction sequence. In contrast, the binding of the DBT 35/38-kDa protein to the MHV 3Ј(Ϫ)NCR RNA and to the ORF6/ORF7 negativestrand intergenic region RNA was shown to require the negative-strand intergenic sequence (14, 63) . Although the arteriviruses and coronaviruses are similar in genome organization and replication strategy, the differences observed in the location and nature of the cell protein binding sites within the SHFV 3Ј(Ϫ)NCR RNA and the MHV 3Ј(Ϫ)NCR RNA as well as the different cell proteins that have been shown to bind to these two types of 3Ј(Ϫ) RNAs suggest that these two groups of viruses may differ with respect to regulation of positive-strand RNA transcription.
The identities of some of the cellular proteins that bind to viral 3Ј-terminal sequences have been reported. For example, translation initiation factor 3 binds to the 3Ј end of brome mosaic virus positive-strand RNA (42), EF-1␣ binds to the 3Ј end of flavivirus genomic RNA (5) as well as the aminoacylated 3Ј end of turnip yellow mosaic virus genomic RNA (25) , La interacts with Sindbis virus 3Ј(Ϫ) RNA (39) and vesicular stomatitis virus 3Ј(Ϫ) RNA (58) , calreticulin binds to the 3Ј end of the rubella virus genomic RNA (49) , and hnRNP-A1 interacts with the 3Ј end of MHV negative-strand RNA (31) . Although the identities of the four MA104 cell proteins that bind to artervirus 3Ј(Ϫ) RNA are not yet known, the immunoprecipitation experiments suggested that the 55-kDa protein may be PTB and that the 36-kDa protein is not hnRNP-A1. Experiments are in progress to purify the SHFV RNA binding proteins.
For both MHV 3Ј(ϩ) RNA and potato virus X 3Ј(ϩ) RNA, the region in the RNA found to interact with cellular proteins was also shown in in vivo replication assays to function as a cis-acting element for viral RNA synthesis (52, 60) . These data support the hypothesis that interactions between cellular proteins and viral RNA cis-acting elements are required during viral RNA synthesis. We have recently developed an in vivo replicon-based replication assay for SHFV and are using this system to determine whether the 68-nt cellular protein binding region of the SHFV 3Ј(Ϫ)NCR RNA functions as a cis-acting sequence element for positive-strand RNA synthesis.
